Purpose of Review This review summarizes literature pertaining to the dawning field of therapeutic targeting of mitochondria in hypertension and discusses the potential of these interventions to ameliorate hypertension-induced organ damage. Recent Findings In recent years, mitochondrial dysfunction has been reported as an important contributor to the pathogenesis of hypertension-related renal, cardiac, and vascular disease. This in turn prompted development of novel mitochondria-targeted compounds, some of which have shown promising efficacy in experimental studies and safety in clinical trials. In addition, drugs that do not directly target mitochondria have shown remarkable benefits in preserving these organelles in experimental hypertension. Summary Enhancing mitochondrial health is emerging as a novel feasible approach to treat hypertension. Future perspectives include mechanistic experimental studies to establish a cause-effect relationship between mitochondrial dysfunction and hypertension and further clinical trials to confirm the reno-, cardio-, and vasculo-protective properties of these compounds in hypertension.
Introduction
Hypertension remains a major cardiovascular risk factor that affects approximately one third of adults in the USA and 1.2 billion people worldwide [1] . It is associated with significant cardiovascular morbidity and mortality and a high economic burden, with annual estimated direct and indirect costs in the USA around $50 billion and $4 billion, respectively [2] . Elevated blood pressure leads to long-term organ damage, including hypertensive heart disease, nephropathy, vasculopathy, and cerebrovascular disease, thereby increasing risk for cardiovascular events [3] . Therefore, it is critical to develop novel therapeutic interventions to prevent hypertensive end-organ damage and improve cardiovascular disease outcomes.
Mitochondria are double-membrane organelles primarily responsible for producing cellular energy in the form of adenosine triphosphate (ATP). Besides being the power plants of the cell, these organelles modulate important cellular functions, including proliferation, survival, apoptosis, calcium signaling, and redox state [4] . Over the last couple of decades, experimental studies have reported mitochondrial abnormalities and dysfunction in the heart, kidneys, and vasculature exposed to hypertension [5, 6] . For example, renin-induced hypertension in rats is associated with myocardial mitochondrial structural abnormalities and apoptosis [7] . Increased mitochondrial production of reactive oxygen species (ROS) was reported in the renal medulla of mice with salt-induced hypertension [8] , whereas impaired mitochondrial bioenergetics and antioxidant activity were observed in glomerular and tubular cells from spontaneously hypertensive rats [9] . In line with this, we have shown that renovascular hypertension induced mitochondrial damage in renal tubular cells and cardiomyocytes in pigs, associated with renal and cardiac dysfunction [10] [11] [12] [13] . Similarly, obesity-induced hypertension led to mitochondrial alterations in renal artery and coronary vessels that impaired microvascular endothelial function in pigs [14, 15] . Taken together, these studies underscore the contribution of dysfunctional mitochondria to the pathophysiology of hypertension-induced organ damage.
There are several mechanisms by which hypertension may affect mitochondria, including activation of angiotensin-II receptors expressed in the inner mitochondrial membrane, increased nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity, mechanical stretch, and extracellular matrix turnover [6] . However, despite few reports of mitochondrial DNA mutations in maternally inherited hypertension [16, 17] , a cause-effect relationship between mitochondrial injury and hypertension remains to be established. Nevertheless, treatment strategies that preserve mitochondrial structure and function might represent good options to ameliorate organ damage due to hypertension. This includes interventions that target mitochondria (e.g., mitochondria-targeted compounds), as well as therapies that do not directly target the organelle, but exert mitoprotective actions (e.g., antihypertensive drugs). This review summarizes the current status of therapeutic strategies to preserve mitochondrial structure and function in hypertension and discusses the potential of these interventions to ameliorate hypertension-induced organ damage.
Mechanisms of Mitoprotection

Stimulation of Mitochondrial Energy Production
Mitochondria are the primary organelles responsible for energy production, particularly in target organs commonly exposed to the effects of hypertension, such as the kidneys and the heart. Cardiomyocytes and renal tubular cells are highly dependent upon mitochondria to generate ATP. Congruently, they are equipped with the largest number of mitochondria per cell among the body. Mitochondrial respiration encompasses a series of concatenated steps in the inner mitochondrial membrane, including generation of a proton gradient, transportation of electrons through the electron transport chain (ETC), and phosphorylation of adenosine diphosphate (ADP) to form ATP [18] .
The integrity of the inner mitochondrial membrane is essential to sustain mitochondrial respiration. The phospholipid cardiolipin is an important constituent of the inner mitochondrial membrane that plays a key role in ETC assembly and function. Its unique conical structure, with two phosphate head groups and four acyl-side chains, favors formation of crista membranes in the inner mitochondrial membrane [19] . Furthermore, cardiolipin modulates the structural organization of the respiratory complexes into supercomplexes, allowing optimal oxidative phosphorylation.
Studies have shown that the major cardiac cardiolipin species (tetralinoloyl) decreased significantly in spontaneously hypertensive heart failure rats [20, 21] . In agreement, we have found that both cardiac and renal cardiolipin content is reduced in pigs with renovascular hypertension [11, 12] .
Importantly, oxidation and consequent loss of cardiolipin destabilize the ETC, triggering local generation of ROS and mitochondrial dysfunction [22] . Therefore, treatment strategies oriented to stabilize cardiolipin and protect mitochondria might attenuate cellular damage in hypertension (Table 1) .
Elamipretide (ELAM) is a novel cell-permeable tetrapeptide that concentrates in the inner mitochondrial membrane binding and stabilizing cardiolipin, preventing its oxidation and loss. In addition, this compound binds cytochrome-c, favoring the shuttling of electrons from complex-III to complex-IV [23] . Over the last few of years, the feasibility of ELAM to ameliorate cardiac and renal injury has been evaluated in several preclinical models of hypertension. Chronic treatment with ELAM has been shown to attenuate mitochondrial damage and ROS production in murine models of angiotensin-IIinduced cardiac hypertrophy and pressure overload [24, 25] . In line with this, subcutaneous administration of ELAM for 4 weeks attenuated structural and functional changes that obesity-induced hypertension imposed in the renal medullary mitochondria [26] and renal vasculature [15] . Notably, the beneficial effects of ELAM in this model were extended to the heart where it preserved mitochondrial organization [27] and decreased myocardial vascular impairment [14] .
ELAM also exerted important cardio-and reno-protective properties in renovascular hypertension. Preservation of mitochondrial cardiolipin attenuated swine stenotic-kidney microvascular loss and injury and improved renal oxygenation, hemodynamics, and function [12] . ELAM also blunted CPT carnitine palmitoyltransferase, PPAR peroxisome proliferator-activated receptors, MA mitochonic acid, TTP triphenylalkylphosphonium cation, PGC peroxisome proliferator-activated receptor-gamma coactivator, OPA optic atrophy, DRP dynamin-related protein, mPTP mitochondrial permeability transition pore myocardial hypertrophy, improved left ventricular relaxation, and attenuated myocardial cellular and microvascular remodeling in these pigs [11] . Intravenous administration of ELAM in conjunction with renal revascularization also improved cardiac and renal outcomes in pigs with renovascular hypertension [10, 13] . What is more, a recent pilot study demonstrated that adjunctive ELAM during renal revascularization attenuated post-procedural hypoxia and improved kidney function [28••] , supporting a role for cardiolipin targeted interventions to improve outcomes of revascularization for human renovascular hypertension. It is important to note that ELAM had no effect on blood pressure levels, suggesting that it was directly targeting cellular mitochondria. Besides cardiolipin protective approaches, therapies targeting key enzymes and regulators of fatty acid oxidation may additionally promote mitochondrial ATP production. Oxidation of fatty acids is the primary energy source for high energy-demanding tissues, generating a significant amount of ATP. Long-chain fatty acids are translocated across the plasma membrane and activated to acyl-CoA in the cytosol [29] . The outer mitochondrial membrane protein carnitine palmitoyltransferase (CPT)-1 is the rate-limiting enzyme in fatty acid oxidation, responsible for the conversion of acylCoA to acylcarnitine. The latter enters the mitochondrial matrix and is reconverted to acyl-CoA, which then undergoes β-oxidation, generating acetyl-CoA and subsequently nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide-2, serving as electron donors to the ETC.
The peroxisome proliferator-activated receptor (PPAR)-α is a key transcription factor that regulates CPT-1 and is expressed at high levels in the heart and kidneys. Treatment with the PPAR-α agonist fenofibrate improved PPAR-α tissue expression and mitochondrial biogenesis and attenuated cardiac remodeling and fibrosis in mice with aldosterone-induced left ventricular hypertrophy [30] . Similarly, fenofibrates decreased blood pressure in Goldblatt hypertensive rats [31] and ameliorated oxidative stress, inflammation, and fibrosis in the kidney of spontaneously hypertensive rats [32] . Although fenofibrate may be beneficial in hypertensionmediated organ damage, it has opposite effects on blood pressure in salt-sensitive and salt-resistant hypertension [33] and exacerbates left ventricular dilation and fibrosis in PPAR-α-deficient mice models [34] . Evidently, additional mechanistic studies are needed to explore their mechanisms of action, safety, and efficacy in hypertension.
More recently, the novel indole acetic acid derivative mitochonic acid (MA)-5, which targets the mitochondrial protein mitofilin, has been shown to ameliorate renal tubular and cardiac myocyte damage in murine models of renal disease [35] . Mitofilin forms a core complex in the inner mitochondrial membrane required for the formation of crista junctions. By binding mitofilin, MA-5 promotes oligomerization of the ATP synthase and supercomplex formation, favoring mitochondrial ATP synthesis. Interestingly, this agent modulates mitochondrial bioenergetics independently of oxidative phosphorylation and the ETC. However, whether MA-5 can improve cardiac and renal mitochondrial respiration in hypertension has never been investigated.
Regulation of Mitochondrial Redox Status
Mitochondria are major producers of ROS. There are more than ten different mitochondrial sites capable of leaking electrons to oxygen to produce ROS. Superoxide is predominantly produced from complex-I, and its generation is associated with changes in membrane potential, reduced levels of the antioxidant coenzyme-Q, and high NADH/NAD+ ratio, reflecting impaired ATP production [36] . Importantly, mitochondrial superoxide has the capacity to damage several components of the ETC, impairing ATP synthesis. Furthermore, mitochondrial ROS activates mitochondria-dependent apoptosis and exacerbates cellular oxidative stress, affecting the activity of several cellular functions. Therefore, strategies for targeted delivery of antioxidants to mitochondria may confer protection against overall cellular injury.
Triphenylalkylphosphonium cation (TPP+)-conjugated compounds that concentrate in the mitochondrial matrix have demonstrated promising antioxidant properties in experimental models of hypertension. Administration of the mitochondria-targeted antioxidant MitoQ, which results from the conjugation of TPP+ to the scavenger of free radical coenzyme-Q, improved endothelial function and reduced cardiac hypertrophy in spontaneously hypertensive rats [37••] . Similarly, MitoQ decreased hydrogen peroxide formation and improved mitochondrial respiration in rats with heart failure induced by pressure overload [38] . Importantly, clinical trials have shown that MitoQ can be safely delivered to patients with liver conditions, including fatty liver (NCT01167088) and hepatitis-C (NCT00433108) with promising efficacy to decrease liver damage. However, MitoQ concentrates in the mitochondrial matrix in a membrane potentialdependent manner, limiting its efficacy in conditions of significant mitochondrial injury, like in severe forms of hypertension.
To counterbalance the constant generation of ROS, mitochondria are provisioned with important antioxidant defense systems. Superoxide dismutase (SOD)-2 is the most effective antioxidant enzyme in mitochondria and neutralizes superoxide into the relatively more stable and less toxic hydrogen peroxide. Previous studies have shown that administration of an antioxidant mimetic of the SOD-2 (tempol) prevented NADPH oxidase-induced oxidative stress and renal damage in spontaneously hypertensive rats [39] . Similarly, treatment with the mitochondrial-targeted antioxidant MitoTEMPO, a piperidine nitroxide conjugated to a TPP+, decreased mitochondrial superoxide production and cellular NADPH oxidase activity and restored vascular nitric oxide production in angiotensin II-induced and DOCA-salt hypertension models [40] . Collectively, these studies show that antioxidant strategies specifically targeting SOD-2 could have therapeutic benefit in hypertensive patients.
Mitochondria-targeted compounds based on the natural antioxidant vitamins have been synthesized and tested in model of renal disease. For example, conjugated TPP+ with α-tocopherol (MitoE) improved renal mitochondrial respiration and reduced oxidative stress in rats with acute sepsis [41] . However, MitoE remains to be tested in experimental hypertension. Supplementation of vitamins E and C decreased oxidative stress and ameliorated hypertension-induced renal dysfunction in rats [42] , but increased oxidative stress in the normal pig heart and kidneys [43, 44] . Clearly, experimental and clinical research is needed to explore the protective properties of MitoE in hypertension.
In addition, mitochondria-targeted antioxidants with iron chelator properties have been tested in experimental models of hypertension. Mitochondria play a key role in maintaining cellular iron homeostasis, representing the primary site for synthesis of heme and iron-sulfur cluster-containing proteins involved in oxidative phosphorylation. However, excess of mitochondrial iron triggers generation of ROS and oxidative damage. The catechol-based 4,5-dihydroxy-1,3-benzenedisulfonic, also known as tiron, is an iron chelator agent with ROS scavenging properties. Studies have shown that co-incubation with tiron decreased hydrogen peroxide-induced contractile responses in mesenteric resistance arteries from spontaneous hypertensive rats [45] . Furthermore, its administration improved baroreflex sensitivity and decreased oxidative stress in hypertensive rats [46] , underscoring the potential of mitochondriatargeted iron sequestering compounds in experimental hypertension.
Modulation of Mitochondrial Homeostasis
Mitochondria are dynamic organelles that constantly adapt their morphology and function in response to cellular, metabolic, and signaling changes. Mitochondrial homeostasis refers to the interplay among pathways that regulate mitochondrial content and metabolism, including biogenesis, dynamics, and mitophagy, crucial for the proper functioning of the cell [47] . Mitochondrial biogenesis is the mechanism by which cells increase their mitochondrial mass and copy number. This complex process includes synthesis, import, and incorporation of proteins encoded in the nucleus into the organelle, lipid synthesis, and assembly of ETC subunits [48] . PPAR-γ coactivator (PGC)-1α is the master regulator of mitochondrial biogenesis. This transcription coactivator induces the expression of downstream transcription factors, regulating the expression of several components of the mitochondrial respiratory complexes. Thus, pharmacological approaches that activate PGC-1α might act as biogenesis activators. β2-Adrenergic receptor agonists like formoterol, which induces PGC-1α and consequently mitochondrial biogenesis, increased oxygen consumption rate and mitochondrial-DNA copy number in primary rabbit renal tubular cells and feline cardiomyocytes [49] . Likewise, treatment with PPAR-γ, which also induces PGC-1α, prevented necrosis in the clipped kidneys of 2-kidney 1-clip (2K1C) rats [50] , supporting novel therapeutic targets for enhancing mitochondrial biogenesis in hypertension.
Modulation of mitochondrial dynamics has been also proposed as a therapeutic approach to attenuate the deleterious effects that hypertension imposes on several organs. Mitochondria fuse and divide repeatedly to regulate their shape. Fusion of mitochondrial membranes allows complementation of functional components in the organelle, whereas mitochondrial fragmentation promotes oxidative stress and cell death. Therefore, therapies oriented to enhance mitochondrial fusion or prevent fission might be beneficial to attenuate hypertension-induced organ damage. Indeed, hydroxylamine derivatives, which activate optic atrophy-1 and promote the fusion of inner mitochondrial membranes, ameliorated lung damage in a murine model of pulmonary arterial hypertension [51] . Recently, treatment with a drug that prevents activation of the mitochondrial fission marker dynamin-related protein (DRP)-1 ameliorated vascular remodeling and inflammation in spontaneously hypertensive rats [52] , in accordance with previous observations in cardiomyocytes subjected to renal [53] and cardiac [54] reperfusion injury.
Changes in mitochondrial fusion and fission may also alter mitophagy, the selective degradation of damaged mitochondria. Importantly, defective mitophagy increases production of mitochondrial ROS and apoptosis, amplifying cellular damage. Studies in mice have shown that downregulation of DRP-1 inhibited mitophagy and mitochondrial dysfunction, thereby promoting cardiac dysfunction [55] . Preservation of the integrity of the inner mitochondrial membrane is also important to sustain mitophagy. We have previously shown in swine renovascular hypertension that restoration of myocardial cardiolipin improved mitophagy [27] , in agreement with the previous observation of decreased mitophagy in cardiolipindeficient cells [56] . Therefore, pharmacological agents that target mitochondrial homeostasis might offer the prospect of decreasing hypertension-related end-organ damage. However, the benefits of modulating these pathways in experimental hypertension warrant further investigation.
Attenuation of Mitochondrial-Mediated Apoptosis
Mitochondria are important regulators of apoptosis. Intrinsic apoptosis or mitochondria-dependent apoptosis is triggered by mitochondrial outer membrane permeabilization, which occurs in response to certain intracellular insults. Opening of the mitochondrial permeability transition pore (mPTP) is an early event during intrinsic apoptosis and leads to translocation of pro-apoptotic proteins, cytochrome-c release, and subsequent caspase-9 and caspase-3 activation. Experimental studies have shown that the immunosuppressive drug cyclosporine, which binds to the mPTP constituent cyclophilin-D, prevented mPTP opening and protected the heart and kidneys from ischemia-reperfusion injury [57] . However, cyclosporine therapy did not result in better clinical outcomes following percutaneous coronary intervention [58] . Furthermore, the use of cyclosporine in patients with hypertension is limited by numerous adverse effects, including nephrotoxicity, vasoconstriction, LV hypertrophy, endothelial dysfunction, and hypertension [59, 60] .
Previous studies have shown that targeting the glycogen synthase kinase (GSK)-3β confers cytoprotection by phosphorylating cyclophilin-D and increasing the threshold for mPTP opening [61] . GSK-3β-induced mPTP opening has been linked to increased vulnerability to infarction in hypertensive hypertrophied hearts [62] , and its inhibition improves post-ischemic recovery in pressure-overload hypertrophied hearts [63] . Similarly, treatment with GSK-3 β inhibitors attenuated mitochondrial permeability and improved antioxidant activity in hearts from salt hypertensive rats [64] . However, additional studies are needed to confirm these findings and validate GSK-3β as a target therapy in hypertension.
Lastly, mitochondrial antioxidants and cardiolipinprotective strategies may also attenuate mitochondrialmediated apoptosis, as increased production of mitochondrial ROS and cardiolipin oxidation are important triggers for mPTP opening. Treatment with the mitochondria-targeted antioxidant MitoQ exerted important antiapoptotic properties in cardiomyocyte-like cells and isolated hearts [65] and improved mitochondrial dysfunction in heart failure induced by pressure overload [38] . Likewise, cardiolipin protection with ELAM attenuated renal and cardiac apoptosis in experimental renovascular [10] [11] [12] [13] and obesity-induced [14, 15] hypertension, supporting the notion that mitochondria-targeted interventions may attenuate hypertension-related apoptosis.
Renin-Angiotensin-Aldosterone System Blockade
Several renin-angiotensin-aldosterone system (RAAS) blockers routinely used in clinical practice have shown protective effects towards mitochondrial injury secondary to hypertension. These drugs have greater mitoprotective properties compared to other antihypertensives and can improve mitochondrial function by multiple mechanisms (Fig. 1) . Although conventional triple therapy (reserpine + hydralazine + hydrochlorothiazide) and the angiotensin receptor blocker (ARB) valsartan are effective in reducing blood pressure, only the latter improved myocardial mitochondrial biogenesis and mitophagy and attenuated left ventricular remodeling in pigs with renovascular hypertension [66] . Similarly, renal mitochondrial dysfunction in spontaneously hypertensive rats Fig. 1 Mechanisms of mitoprotection by renin angiotensin aldosterone system blockade: Both angiotensin-I-converting enzyme inhibitors (ACEi) and angiotensin-II AT1 receptor blockers (ARB) decrease angiotensin-II levels, thereby preventing its actions through AT2 receptors located in the inner mitochondrial membrane. Experimental studies have shown that treatment with ACEi and ARBs decreases mitochondrial reactive oxygen species (ROS) production and uncoupling protein (UCP)-2 content and increases biogenesis, nitric oxide synthase (mtNOS), glutathione (GSH), and superoxide dismutase (SOD) activity, mitophagy, and adenosine triphosphate (ATP) production was attenuated by losartan, but not by the calcium channel blocker amlodipine [9] .
The mitoprotective effects of these drugs remain unclear, but may be linked to the presence of a functional reninangiotensin system in human mitochondria, characterized by mitochondrial angiotensin-II type-1 (AT2R1) and type-2 (AT2R2) receptors [67] . Activation of AT2R2 increases nitric oxide production and reduces mitochondrial respiration, whereas AT2R1 decreases the number of mitochondria and is associated with aging. Possibly, blocking the AT2R1 on the mitochondria may alleviate hypertensive cellular injury. In addition, angiotensin-I-converting enzyme inhibitors (ACEi) and ARBs are known to modulate mitochondrial oxidative stress. In rat cardiomyocytes, enalapril and losartan increased mitochondrial production of NO, regulating mitochondrial respiration and ROS production [68] . Likewise, enalapril enhanced SOD-2 [9] and glutathione-dependent [69] antioxidant defenses and increased renal expression of the mitochondrial ROS modulator uncoupling protein (UCP)-2, resulting in decreased production of hydrogen peroxide [70] . Therefore, blocking the RAAS confers important mitoprotective benefits beyond their antihypertensive effect, which may help ameliorate hypertension-induced organ damage. However, the mechanisms implicated in mitoprotection secondary to angiotensin-II blockade remain to be elucidated, and whether ACEi and ARBs have direct effects on the mitochondrial membrane or act through cell surface-signaling and intracellular mediators warrants further investigation.
Conclusions
Compelling evidence indicates that mitochondrial dysfunction contributes to hypertension-induced end-organ damage, which inspired development of novel therapeutic approaches that have direct effects on mitochondria. Studies in experimental models of hypertension have shown promising results using mitochondria-targeted therapies, and some of them are currently being tested in clinical trials.
Interestingly, targeting mitochondria with the antioxidants MitoQ and MitoTEMPO protected against the development of hypertension, which was partly attributed to the attenuation of oxidative damage in endothelial cells [37••, 40] . Contrarily, treatment with ELAM, which restored cardiolipin and preserved mitochondrial function in renal artery and coronary artery endothelial cells, did not affect blood pressure levels in either obesity-induced [14, 15] or renovascular hypertension [12] . Differences in the effect on blood pressure among different classes of mitochondria-targeted therapies likely reflect distinct mechanisms of actions, but justify further investigation.
Lastly, combining antihypertensives and mitochondriatargeted peptides may provide complementary therapeutic benefit for attenuating the effects of hypertension in the heart. In spontaneously hypertensive rats, a combination of MitoQ and low-dose losartan provided additive therapeutic benefit, attenuating development of hypertension and reducing left ventricular hypertrophy [71••] . These observations position mitochondria-targeted compounds as a potential adjuvant therapy to standard antihypertensives in the treatment of end-organ damage associated with hypertension. Nevertheless, further experimental studies are needed to provide important information regarding their safety, efficacy, and mechanisms of action for future clinical trials in patients with hypertension.
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